We report a full analysis of the magnetization dynamics in thin ellipsoidal Permalloy ͑Ni 80 Fe 20 ͒ elements, made both experimentally, using an all optical pump-probe scheme based on the magneto-optical Kerr effect, and numerically, using micromagnetic simulations. We have found experimentally as well as numerically that the precession frequencies shift with the aspect ratio of the element, with stronger effects for smaller sizes. Moreover, the magnetization dynamics is found to be inhomogeneous, and can be decomposed into three different kinds of localized precession modes: a low frequency edge mode, a main mode which is composed of several modes with frequencies close to each other, and some higher-order modes.
The fastest way so far to reverse the magnetization of a magnetic bit in magnetic random access memory ͑MRAM͒ devices is by precessional switching. [1] [2] [3] [4] [5] In practice, this is done by pulling the magnetization of a thin magnetic element out of plane with a short magnetic field pulse. The thus created strong demagnetizing field will drive the magnetization to the reversed position, at which time the magnetic field pulse should be precisely switched off. This will stop the magnetization exactly in the reversed direction without any further oscillations, so-called ringing, that would otherwise slow down the overall reversal process. [6] [7] [8] [9] [10] Severals groups have studied the magnetization dynamics in thin patterned elements, 11, 12 including the effects of defects and the resulting additional damping, 13 the localized precession modes that may exist in such elements, [14] [15] [16] [17] and the approach for reducing the crosstalk between neighboring bits. 18, 19 A particular problem is how to design an optimal field pulse to switch an element within half a precession period and then stopping the magnetization without any ringing. In practical cases, however, this ringing cannot be completely avoided, because the magnetization dynamics is not homogeneous in most element shapes, so the proper magnetic field pulse varies across an element.
In order to address these problems, we have carried out time-resolved experiments of the precessional magnetization dynamics in thin elliptical Permalloy elements, and verified these data with micromagnetic simulations. We have found that the aspect ratio of the magnetic elements influences both the main precession frequency as well as its overtones. Micromagnetic simulations confirmed the shift of the main frequency to be due to the change in the shape anisotropy. The appearance of several other harmonics, both in the experiments and in the simulations, can be attributed to the deviation of the element shape from a true three-dimensional ellipsoid.
The dynamics of the magnetization vector M under the influence of an effective magnetic field H ef f can be described by the Landau-Lifshitz-Gilbert ͑LLG͒ equation, 20, 21 
For this magnetization dynamics to be homogeneous and to avoid ringing, the effective field H ef f has to be homogeneous across the magnetic element.
For a homogeneous magnetization configuration, this effective field H ef f can be written as
with H ext the external applied field, composed of a bias field H dc and a pulse field H p , H ani the anisotropy field, and H dem the demagnetizing field. Because H ext and H ani are most likely to be homogeneous over the element, inhomogeneities are mostly related to H dem , which, in turn, is directly dependent on the element shape. In fact, for most shapes the demagnetizing field H dem is inhomogeneous, with the only exception of a three-dimensional ellipsoid. 22 In practice, however, a three-dimensional ellipsoid is difficult to realize, the best alternative being a two-dimensional thin ellipsoid. In this paper, we have investigated the precession dynamics in thin elliptical Permalloy elements, with different shapes and sizes ranging from 32ϫ 8 m to 4 ϫ 4 m latteral size and 8 nm thickness.
The complete sample design, shown in Fig. 1 , is close to FIG. 1. ͑Color online͒ A photograph of the waveguide structure with a series of magnetic elements with different shapes.
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RAPID COMMUNICATIONS a realistic MRAM device, as the magnetic elements are deposited on top of a strip line. The special part of our design is the photoconductive switch with which we create the pulse field H p by illuminating it with a short and intense 100 fs pump laser pulse. 8 The typical characteristics of the created field pulse are a rise time of about 10 ps, a decay time of about 200 ps and a maximum amplitude of 90 Oe. The magnetic elements are deposited using rf sputtering and lithography. The measurements of the magnetization dynamics are performed with an all optical pump-probe technique. The low intensity probe pulse is delayed with respect to the pump laser pulse via an optical delay line and focused on the magnetic element with a microscope objective of N.A. =0.9 and 100ϫ magnification, resulting in a spot size of about 2 m diameter. The polar Kerr rotation of the polarization of the reflected light, which is proportional to the out-of-plane component of the magnetization M z , is detected by a balanced photodiodes scheme and lock-in technique. 23 Figure 2 presents the measured precession frequency as a function of the external applied field H dc , for different sizes and shapes of the elements. This figure shows that the elements with a larger length than width ͑L Ͼ W͒, as defined in Fig. 1 , such as 8 ϫ 4 m, have a higher precession frequency than elements with L Ͻ W, such as 4 ϫ 8 m. This effect is less visible for larger elements, such as 32ϫ 8 m.
Micromagnetic simulations 24 were done for elements with similar aspect ratios but smaller size, like 800ϫ 400ϫ 8 nm, and two and four times larger ones, in order to limit the computation times. We have thus simulated elements which are 10, 5, and 2.5 times smaller than the smallest measured one. The parameters used for the simulation were 4M s = 10 807 Oe, average crystallite size of 10 nm with an anisotropy constant K 1 = 5000 erg/ cm 3 , exchange stiffness A =10 −6 erg/ cm, which are typical values for sputtered Permalloy films. 25 The pulse field H p was 45 Oe with a rise time of 10 ps, a flat top at 45 Oe during 10 ps, and then a decay of 180 ps. The external applied field H dc was 300 Oe.
The results of the simulations are presented in Fig. 3 , together with the results of the measurements on the smallest elements. This figure shows that the same shift in the precession frequency occurs, and that this shift becomes larger for smaller elements, in good agreement with the measurements. One should also note that the precession frequency of a circular-shaped element ͑L = W͒ is not really affected by its size in the range studied. This higher precession frequency for elements with L Ͼ W can be fully related to the demagnetizing field H dem . The component of H dem that compensates the external applied field H dc is −N x 4M x , where N x and M x are the demagnetizing coefficient and component of the magnetization M, respectively, in the x direction. As N x is smaller in the case of L Ͼ W than L Ͻ W, the effective field will be higher in that case, resulting in a higher precession frequency for elements with L Ͼ W than for elements with L Ͻ W. Similarly, Fig. 4 shows that the excitation amplitude is larger for the elements with L Ͻ W. This can also be understood with the help of H dem . At the beginning of the excitation, the magnetization starts to move towards the pulse field H p , resulting in a component of H dem which is −N y 4M y , where N y and M y are the demagnetizing coefficient and magnetization component, respectively, in the y direction. This component of H dem will partly compensate the pulse field. As N y is smaller in the case of L Ͻ W than for L Ͼ W, the effective pulse field will be higher in that case, resulting in a higher excitation amplitude for elements with L Ͻ W than for elements with L Ͼ W.
For small excitations, the macrospin model approximation for Eq. ͑1͒ gives the precession frequency f as
where ͉␥ ͉ = 2.21 10 5 Hz m / A and N x , N y , and N z are the demagnetizing coefficients for a three-dimensional ellipsoid. 27 The lines in Fig. 3 are calculated in this way and make the link between experiments, which are difficult to realize on small elements, and simulations, which are difficult to realize on large elements.
As mentioned above, only for a real three-dimensional ellipsoid the magnetization dynamics is really homogeneous. For our elliptically shaped thin film elements, the magnetization dynamics is expected to be inhomogeneous and will consist of several modes. These localized modes can be found from the simulations using the following procedure. 14 First one calculates the power spectrum of each individual cell in which the element has been decomposed for the micromagnetic simulation. For this we used the Lomb-Scargle periodogram, 28, 29 as the time series given by the simulation program are not evenly spaced. One then takes the summation of each of these power spectra over the whole element. This way we prevent some modes from being hidden in the averaged magnetization. Finally, for each of the revealed modes, the spatial distribution of the power at the mode frequency is plotted. This results in a gray-level picture of the element related to the amplitude of the modes, where white and black indicate maximum and zero amplitude, respectively. This way the localization of various modes in the element can be visualized, as shown in Fig. 5 .
The parameters we used for the simulation are the same as before, except for the element size which is here 400ϫ 200 ϫ 8 nm, and the external applied field H dc which is 0 Oe in this case. The latter is done to pump energy in more modes, in order to make them visible in the spectrum.
All modes present in the element can be classified in three categories. The first one is the main mode, which corresponds to the resonant frequency for the effective field H ef f , as already shown in Fig. 3 and follows from Eq. ͑3͒. In fact, due to the inhomogeneous demagnetizing field in the element, this main mode is split in two complementary modes, as shown on Fig. 5 , with close frequencies at 4.42 GHz and 5.31 GHz. The second one is the edge mode, localized at the extreme edges of the element, with a precession frequency of 2.48 GHz, as shown in Fig. 5 . Finally, there are several modes at higher frequencies, which are highly localized and possess higher symmetry patterns and much less oscillation power than the main modes. These modes are very sensitive to the simulation parameters, like the size of the elements or the applied magnetic field, so at present, it is not possible to relate them to experimental observations.
Because the elements we simulated are much smaller than the ones we measured, we cannot quantitatively compare their spectra. On the other hand, we can qualitatively compare the spectra obtained from our measurements, shown in Fig. 6 , with those obtained from the simulations, shown in Fig. 5 . In order to resolve the edge mode, we measured both in the middle of the element and on its edge. The power spectra on the edge always show an extra bump close to the main mode but at a lower frequency, which can be identified as the edge mode. This extra bump scales with field, which is in agreement with the simulations. As this extra bump does not appear on the other side of the main modes, it cannot be noise, which would more likely appear at higher frequencies. The decomposition in edge mode, main modes, and higher modes is thus confirmed by our experiments.
An experimental and numerical spectrally resolved study of the magnetization dynamics in a thin ellipsoidal Permalloy element was carried out in order to investigate the effect of the aspect ratio and size of the element on the magnetization dynamics. The presence of localized modes was shown experimentally as well as numerically with micromagnetic simulations. The aspect ratio of the elements was shown to produce a shift in the precession frequency, with stronger effects for smaller elements. Moreover, it was shown experimentally as well as numerically that at least three different kinds of localized precession modes exist in such magnetic structures: an edge mode at low frequency, a main mode which can consist of several frequencies close to each other, and higher frequency modes, with a highly localized symmetry. This work is a step towards a more elaborate control of the magnetization switching for MRAM devices, as it highlights the complexity and nonlinearity of its magnetization dynamics.
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